Introduction
Fibroblast growth factor receptor (FGFR) has been extensively validated as a molecular target in anticancer drug discovery because of its regulatory function in multiple developmental processes including proliferation, motility, and differentiation. [1] [2] [3] [4] [5] [6] The FGFR family includes four highly conserved tyrosine kinase receptors: FGFR1-4. 7, 8 Among them, FGFR1 has been proposed as the most potent mutagen of the FGFR family, 9, 10 and FGFR1 is mutated in some of the deadliest human cancers (lung cancer, 11 breast cancer, 12 glioma, prostate cancer, 13 and liver cancer). As such, several pharmaceutical inhibitors of FGFR1 have been developed to treat cancer.
14 Current inhibitors of FGFR1 include SU5402, 15 PD173074, 16 and BGj398 17 to name a few. There are only a few inhibitors used clinically. Due to limited number of FGFR1 inhibitors, as well as the side effects of presently available drugs, there is a pressing need for the development of novel FGFR1 inhibitors. In recent years, our group has engaged in the design and synthesis of FGFR1 inhibitors, and published a series of articles. 18, 19 Previous studies have shown that most of the known FGFR1 inhibitors target the ATP-binding site, 7, 10, [20] [21] [22] as well as our early synthetic inhibitors. 18, 19 This study presents the development of quinoxaline FGFR1 inhibitors according to the lead compound -TKI258. TKI258 (Dovitinib), a novel, multitargeted RTK inhibitor plays an important role in myeloma, 23, 24 which is highly selective with an IC 50 of 8 nM against FGFR1 tyrosine kinase. 25 Additionally, several anticancer drugs containing a quinoxaline ring have been reported along with their pharmacological data, activities against solid tumors, and clinical trials. 26, 27 Our group studied modifications of quinoxaline mainly based on molecular docking between TKI258 and FGFR1. Molecular docking showed that three hydrogen bonds were formed between 1-N and Glu562, 3-N and Ala564, and 2-O and Ala564. 9 Similar to the quinolinone of TKI258, the blue part depicted in Figure 1 is responsible for formation of hydrogen bonds with a kinase hinge region. As such, we chose quinoxaline because it has more hetero atoms as a nucleus, with the hope that it would form more hydrogen bonds with FGFR1 residues and significantly improve activity. At the same time, we introduced a vinyl at the 3-position. As is well known, a double bond has a rigidity effect. Therefore, with an introduction of vinyl, we hoped that the side chain would result in a deflection at a certain angle to form stronger hydrogen bonds when compounds are combined with FGFR1 kinase. In this way, it would be possible to improve the activity between kinase and inhibitors (rose-colored part in Figure 1 ).
Based on the above considerations and combined with our additional interest in the development of new FGFR1 inhibitors, we synthesized four series of 3-vinyl-quinoxalin-2(1H)-one analogs (Figure 2 ). Among them, we introduced methyl or benzyl at the 1-position, and analyzed through activity experiments whether the modification of 1-H had an impact on kinase inhibitory activity. Simultaneously, compound D was designed to verify 2-O and whether this had an impact on kinase inhibitory activities. Furthermore, the antitumor activities of all compounds were tested using methyl thiazolyl tetrazolium (MTT) assay and LANCE Ultra TR-FRET assay. Synthesis, a preliminary biological evaluation, and structureactivity relationship (SAR) were done on these derivatives.
Materials and methods chemical experimental procedures
All chemical reagents and solvents were purchased from Aladdin (Beijing, People's Republic of China). Silica gel (GF254) for thin-layer chromatography and column chromatography (100-200 mesh and 200-300 mesh) were obtained from Aladdin. Uncorrected melting points were determined using an XRC-1 micro-melting point apparatus. 1 H nuclear magnetic resonance ( 1 H NMR) spectra were recorded on a Bruker Avance III spectrometer (600 MHz). Samples were dissolved in dimethyl sulfoxide (DMSO), while tetramethylsilane was used as an internal standard. Chemical shifts δ were recorded in ppm relative to tetramethylsilane, and J-values are expressed in Hz. Mass spectra were recorded using an Agilent-1200 LC mass spectrometer. Infrared spectroscopy was determined by PerkinElmer FT-IR 1605 spectrometer (Nicolet, USA). The detailed synthesis and spectral characterization of all compounds are described in the Supplementary material.
cell line and reagents
All of the tested cancer cells (H460, B16-F10, Hela229, Hct116, and HL7702) were obtained from Wenzhou Medical University and were incubated with Dulbecco's Modified Eagle's Medium (Gibco ® ; Life Technologies, Carlsbad, CA, USA) and supplemented with 10% fetal bovine serum (Gibco ® ; Life Technologies), 100 U/mL of penicillin, and 100 mg/mL of streptomycin at 37°C with lance Ultra Tr-FreT assays
The ability of all target compounds to inhibit the activation of FGFR1 kinase domain was assessed using LANCE Ultra TR-FRET assays, and the inhibitor TKI258 was used as the control. The assays were carried out in a final volume of 50 µL per well in a white Packard OptiPlate-384 (PerkinElmer, Waltham, MA, USA). Each tested compound was diluted as 40, 4, and 0.4 µM in 1× kinase base buffer containing 50 mM (4-(2-hydroxyethyl)-1-piperazinethaneesulfonic acid) (pH 7.5), 10 mM MgCl 2 , 1 mM ethylenebis(oxyethylenenitrilo) tetraacetic acid, 2 mM dl-dithiothreitol, and 0.01% Tween-20. Then, 2.5 µL of the compounds was transferred to an assay plate. A standard enzymatic reaction, initiated by the addition of 5 µL of 2.5× peptide solution to 2.5 µL of 4× enzyme, contained 4 nM FGFR1 kinase, 11.9 µM ULight-JAK-1 (Tyr1023) peptide (PerkinElmer), 47 µM ATP, and 1× kinase base buffer. After 90-minute incubation at room temperature, the reaction was stopped by the addition of 5 µL termination buffer (40 mM ethylenediaminetetraacetic acid). Afterwards, 5 µL of 4× antibody (Eu-anti-phospho-tyrosine antibody [PT66] at a final concentration of 2 nM) was added to each well of the assay plate for 1 hour. The product and substrate in each independent reaction were separated using a 12-sipper microfluidic chip (Caliper Life Sciences) run on a Caliper LC3000 (Caliper Life Sciences). The resulting data were collected from the EnVision ® Multilabel Reader (PerkinElmer). Then, the original values were converted into the inhibition ratio. All experiments were repeated independently three times.
In addition, some compounds were screened for their selective kinase inhibition. The inhibitory concentration or IC 50 values on RTKs were determined by the same method.
MTT assay
An MTT assay was performed to evaluate cytotoxic and antitumor activities of all compounds. Four cell lines were seeded (2,000-20,000 cells per well) in 96-well plates, respectively. After incubation for 24 hours in serum-containing media, the cells were treated with inhibitors (50, 10, 2, and 0.4 µM), diluted with culture medium for 72 hours at 37°C under a 5% CO 2 atmosphere. Thereafter, 20 µL of the MTT reagent (5 mg/mL) was added to each well, and the plates were incubated for 4 hours at 37°C. For the adherent cells, the media and MTT were carefully aspirated from each well, and formazan crystals were dissolved in 100 µL of DMSO. For the suspended cells, 50 µL of 20% acidified sodium dodecyl sulfate (w/v) was added to each well, and the cells were incubated overnight. Finally, absorbance at 490 nm was read using a Spectrophotometer (SMP500-13732-UJRK; MDC, Hayward, CA, USA). TKI258 was used as the positive control, and DMSO was used as a negative control. The resulting data were analyzed using GraphPad Prism™ software (GraphPad Software, Inc.). Furthermore, the viability of human liver HL7702 cells exposed to different doses of these inhibitors was determined using the same method. All experiments were performed in parallel, in triplicate. For data analysis, IC 50 values were obtained by using GraphPad Prism version 5.0 (GraphPad Inc., San Diego, CA, USA).
Molecular docking analysis
The molecular modeling approach is widely used for the discovery, design, and prediction of the activity and mechanisms by which active compounds act. As such, in order to obtain further insight into the interactions mode between these 3-vinyl-quinoxalin-2(1H)-one derivatives and FGFR1, molecular docking analysis was done using Auto-Dock version 4.2. 29, 30 The protein structure (PDB:5AM6) 31 of FGFR1 bound to the inhibitor TKI258 9 was selected for the construction of the docking template. Subsequently, compounds from A5 were selected to dock with the validated template.
statistical analysis
The results are presented as mean ± standard error of the mean. Student's t-test was employed to analyze the differences between sets of data. Statistics were performed using GraphPad Prism 5.0. P-values 0.05 were considered indicative of significance. All experiments were repeated at least three times. 
Results and discussion chemistry

3-Vinyl-quinoxalin-2(1h)-one derivatives as antitumor inhibitors
Comprising the intermediate products, a total of 27 target compounds were synthesized and contained six new compounds which have not been reported, including A14, B3, B5, C2, C3, and C4. Some compounds have been reported in other articles before. 32, 33 The structures of all compounds were characterized using 1 H NMR, electrospray ionization mass spectroscopy, and infrared spectroscopy.
compounds that inhibited FgFr1 kinase
As shown in Figure 4 , we were pleased to find that most of compounds had kinase inhibitory activities. Compounds A1, A2, A3, and A5 exhibited relatively good inhibitory activities of FGFR1 among all of the tested compounds, particularly at 10.0 µM. Therefore, the introduction of methyl groups or benzyl groups at the C-1 position of the quinoxaline scaffold seemed to have no significant positive effect on inhibition. While having the same R substitute, compounds A were more active than compounds B, and the inhibitory activity of compounds B was slightly better than compounds C. As such, compounds A had the potential to become a resource for developing FGFR1 inhibitors. Interestingly, substitution of the phenyl group onto the side chain (A1-A5) resulted in a higher level of kinase inhibition activity, compared to substitution of 4-trifluoromethylphenyl, 2-quinolyl, and 2-naphthyl groups (A11, A13, and A14). This may have been because the former group is relatively small. A5 was the most promising compound with an inhibition ratio of 79.33% at 10.0 µM. On the other hand, the concentration of TKI258, A1-A3, A5, B2, B5, and C2 resulting in IC 50 is reported in Table 1 . These studies demonstrated that A5 is a selective inhibitor with high potency against FGFR1 and has the potential to be a major resource for developing inhibitors against FGFR1.
cytotoxic and antitumor activities of all compounds
The activities of 3-vinyl-quinoxalin-2(1H)-one derivatives were tested on cancer cell lines H460, Hct116, Hela229, and B16-F10, which are known to express high levels of FGFR1. 34, 35 The activity data regarding the anti-viability potency of compounds (A1-A14, B1-B5, C1-C5 , and D1-D3) are summarized in Table 2 . According to the results, most compounds showed antitumor activity on the four tumor cell lines, which appears to correspond to the inhibition of FGFR1 by the positive control drug (TKI258). Among them, compounds A5, A12, B2, B5, D2, and D3 exhibited remarkable improvement in activity against the four tumor cell lines. Additionally, A6, A8, A11, and A14 only affected B16-F10 cells. The cytotoxicity tests indicated that most of these 3-vinyl-quinoxalin-2(1H)-one derivatives had the advantage of lower toxicity against normal human liver HL7702 cells, compared with TKI258, a well-characterized anti-neoplastic agent (Table 2 ). In addition, as shown in Figure 5A and B, HL7702 cells had a higher survival rate by treatment with a relatively high concentration (2 and 10 µM) of A5 than with TKI258. Thus, the results were in line with our expectations.
Molecular docking of compound A5 and FgFr1
Docking simulation of A5 to FGFR1 was carried out with the program Auto-Dock and MD/MM calculations. The binding profile of A5 to FGFR1 is -7.38 kcal/mol. Compared to TKI258, the docking results ( Figure 6 ) showed that A5 exhibited preferable docking with FGFR1, and four hydrogen bonds were formed. This was a pleasant surprise, as this is different from TKI258. The oxygen atom of the carbonyl selectivity ratio is calculated by taking the ratio of the second lowest ic 50 against the lowest ic 50 value (ie, the two strongest binding targets). 
sar of 3-vinyl-quinoxalin-2(1h)-one derivatives
The SAR obtained from two bioactivity assays potentially reports a combination of the inhibitory activity of the compounds against FGFR1 kinase and the ability of the compounds to inhibit proliferation of tumor cells. The SAR of these compounds is summarized as follows: 1) Comparing compound D with compounds A, B, and C, the compounds that contain a carbonyl group had better activity, probably due to the formation of two hydrogen bonds with FGFR1 kinase. 2) Comparing compound A with compounds B and C, when they had the same R substitute, and for compounds that had the non-N substitute, the kinase inhibitory activity was the largest, possibly due to an amide bond increase of its kinase affinity and more ready formation of hydrogen bonds with the hinge region; however, the substituted methyl or benzyl group did not integrate well into the adenine-binding site of FGFR1. 3) For compound A, with the introduction of different substitutions, in accordance with the pharmacophore model, the relatively small substitution may more easily fit into the active pocket, resulting in better inhibition.
Conclusion
In summary, we synthesized 27 (four series) 3-vinylquinoxalin-2(1H)-one derivatives as a new class of FGFR1 kinase inhibitors through a structure-based drug design and confirmed structures by 1 H NMR and electrospray ionization mass spectroscopy. Meanwhile, we manifested common bioactivity for inhibition of FGFR1 and cellular toxicity against H460, Hct116, Hela229, and B16-F10 cell lines while being exempt of general toxicity to noncancerous cells. Different types of products exhibited their own activity against FGFR1; for example, the compounds substituted with small groups of side chains showed better selectivity toward FGFR1, such as A3 and A5. Moreover, different compounds showed their own selectively, as evidenced by compounds A6, A8, A11, and A14, which only affected B16-F10 cells. SAR studies centering on the C-1, C-2, and C-3 groups of the 3-vinylquinoxalin-2(1H)-one scaffold led to the discovery of some optimization methods. All of these results indicated that the 3-vinyl-quinoxalin-2(1H)-one scaffold had a preference for beneficial substitutions when combined with the ATPbinding site and may be utilized as candidates for inhibition of FGFR1. As such, detailed follow-up studies of the action mechanisms for these derivatives are underway and will be reported later.
